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The importance of cell or microorganism manipulation has grown rapidly in recent years for various fields, such as drug discovery, regenerative medicine, and the investigation of new energy sources. There are two types of methods for cell manipulation: contact and noncontact manipulation. One of the most reliable tools for contact cell manipulations is a mechanical micromanipulator. It is widely used for medical and life science applications because of the high accuracy, high power output, and flexibility of its manipulation. [1] [2] [3] Microrobots are other representative contact manipulation tools and many different actuation methods have been investigated; these methods involve magnetic fields, [4] [5] [6] optics, [7] [8] [9] and bio-actuation. 10, 11 These microrobots can be actuated in a microfluidic chip, which gives many advantages such as low contamination and continuous process in microchannels. The main advantage of contact manipulation is that it allows for a precise physical approach such as cutting, injecting, and stimulating a single cell. On the other hand, noncontact cell manipulation methods that use field forces such as surface acoustic waves, 12-14 dielectrophoresis, [15] [16] [17] and fluid inertial forces 18, 19 have also been investigated because of their capability of manipulation in a broad range and controlling a number of cells simultaneously. They can separate or gather cells with high throughput; however, they cannot conduct single cell manipulation and physical operation tasks. Fluid streams are also used to manipulate particles by oscillating bubbles [20] [21] [22] ; however, the pattern of the streamline is fixed, and thus the application is limited.
Achieving the advantages of both contact and noncontact manipulations would produce a very strong tool for cell manipulation. In this paper, we propose a method for noncontact cell manipulation by oscillating a microtool at high frequency in a microfluidic chip. A local streamline can be generated when the tool is oscillated at a high frequency, and the fluid stream manipulates cells without contact with the tool. Figure 1 shows the concept of noncontact manipulation by using the generated streamline. The form of the streamline varies depending on the tool oscillation form; thus, it can be controlled by changing several parameters such as the oscillation amplitude, phase, and relative position between the tool and microchannel wall. The cells flow into or away from the tool or are trapped at the vortex and rotated in two dimensions. By tuning the oscillation parameters of the tool, the dynamics of the viscous fluid change accordingly, and cells can be manipulated away from the tool without contact. Because it is a noncontact operation, there are no concerns regarding cell adhesion to the tool, whereas there are occasional issues when the manipulator handles adherent cells. In addition, the tool can also manipulate cells with contact as well because it has enough physical strength to handle cells. Thus, it can conduct both contact and noncontact manipulation.
A steady stream is generated when an object is oscillated in viscous fluid, and the steady stream is a function of lateral and normal oscillations. [23] [24] [25] However, the Reynolds number is generally small at a microscale, and a high frequency is required to generate the streamline. Assuming that the steady stream occurs two-dimensionally when a plate oscillates in a microfluidic chip, the local fluid velocity (U x , U y ) can be calculated by Wang et al.'s model using the modified Reynolds number R ¼ xa frequency of the plate oscillation, a is the gap between the oscillating plate and channel wall, and is the kinematic viscosity. 26 Then,
where f(y, k) and j(y, k) are functions that consider the effects of normal and lateral oscillations, respectively, A and B are amplitudes of the normal and lateral oscillations, respectively, and b is the phase lag of the lateral oscillation.
Figures 2(a) and 2(b) show the simulation results when an infinite plate was oscillated with 60.25 mm amplitude in the normal direction only, and the distance to the channel wall was 2 mm. When the oscillating frequency was 1 Hz, the streamline barely appeared. Under this condition, it was impossible to conduct noncontact cell manipulation. On the other hand, when the frequency was 25 Hz, a streamline of the order of tens of millimeters per second was generated, and the flow came to the plate from several millimeters away in an arc. In addition, when the oscillation configurations were changed, the streamline changed as well. Figure 2(c) shows the case when the plate was oscillated in the normal and lateral directions with a circular trajectory. The flow came from the left to right along the oscillation plate. This result implies that a plate with high-frequency oscillation in a microfluidic chip can pull cells from far away without contact and that the streamline can be controlled by configuring the oscillation.
Using the above calculation results, the drag force from the generated streamline acting on a single cell can be estimated by
where q is the fluid density, C d is the drag coefficient, S is the cross-sectional area, U is the streamline velocity, and v is the cell velocity. The drag coefficient can be approximated as follows 27 when the Reynolds number is up to 2 Â 10
5
. Figure 3 shows the calculated drag force results on / 30 lm and / 150 lm single cells at various distances from the oscillating plate (0.2 mm, 0.8 mm, 1.6 mm) when the plate began to oscillate (initial condition: v ¼ 0 mm/s) in the normal direction at a 60.25 mm amplitude. In all cases, the drag force on the single cell reached more than the nanoNewton order when the plate frequency was more than 40 Hz. This drag force caused the cells to move and flow along with the steady stream.
Experiments were conducted to observe the actual streamline when the plate was oscillated in a microfluidic channel. Fluorescent beads that were 2 lm in diameter were used to visualize the generated streamline. It was not possible to use electrically induced oscillation devices, such as piezoelectric ceramics, as an oscillation tool in a closed liquid environment. Thus, a magnetically driven microtool 28 (MMT) was used for the oscillating plate because of its highspeed actuation 29 (up to 90 Hz) and precise positioning accuracy 30 (micrometer order) in the x-y plane. Four of the permanent magnets were set on an x-y linear stage beneath the microfluidic chip to actuate an MMT made of silicon and nickel. The tool width was 100 lm, and its height was 200 lm; the channel height was 300 lm. The size of the microchamber was 16 mm The beads attracted to the MMT from the upper or lower sides flew to the left side, and a vortex was generated around the edge of the MMT, as shown in Figure 4 (c). This vortex can be used to keep a cell at the edge of the MMT and rotate it two-dimensionally. In addition, the streamline changed with the oscillation configuration, as mentioned previously. Figure 4(d) shows the measured velocity vectors of fluorescent beads when the MMT was oscillated in the normal and lateral directions at 25 Hz in a circular trajectory. The fluorescent beads flew in a concentric fashion and in the same direction as the MMT oscillation. These are just some of the examples to show that the high-frequency oscillating plate can generate various streamlines; however, numerous streamline patterns can be generated by changing the modified Reynolds number (R), amplitude (A, B), and phase (b) of the oscillation in the normal and lateral directions.
To demonstrate one of the examples of cell manipulation using generated streamline without contact, single bovine oocyte manipulation was conducted using the MMT. The experimental configuration was the same as that using the fluorescent beads, but the size of the oocyte was about 150 lm in diameter. The MMT was oscillated in the normal direction at 25 Hz. The relative positions of the MMT and the oocyte could be adjusted either by dragging the oocyte through direct contact with the MMT or by moving the MMT itself to the desired position. Figure 5(a) shows the case when the oocyte was far below the MMT. First, the oocyte was attracted to the MMT area; it then flew to the left direction without being stuck in the vortex flow around the MMT edge. On the other hand, when the oocyte was set around the MMT edge before oscillation ( Figure 5(b) ), the oocyte was trapped in the vortex, and it was rotated in two dimensions. The MMT could also rotate the oocyte physically, but there were occasional instances where the oocyte adhered to the MMT. There was no need to worry about cell adhesion during noncontact manipulation. After certain preoperations, the MMT can also conduct physical operations such as cutting and injection after a certain rotation if necessary, as presented in our previous works. [28] [29] [30] In summary, high-frequency oscillation of a solid tool in a microfluidic chip can generate a streamline, which can be controlled by tuning the oscillation parameters. Cells are then manipulated in many different ways, such as attraction, repulsion, and rotation, by the generated streamline without contact with the oscillation tool. The advantage of the noncontact manipulation is that it broadens the manipulation area and cells can be controlled away from the tool. In addition, there is no need to worry about adhesion to the tool, which is a possible problem for contact manipulation. Because the oscillation tool has enough physical strength, it can also conduct physical manipulations on the cell. [28] [29] [30] In this paper, we only demonstrated the single cell manipulation but it can be also applied to a number of cells simultaneously. It is assumed that floating cells such as red blood cells will flow just like the fluorescent beads did in the experiment and the flow pattern can be controlled by the tool oscillation configurations. It is our future work to apply this method for high through cell manipulations such as sorting and separations, in a microfluidic chip.
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